Abstract | Ageing is the greatest risk factor for the development of Parkinson's disease. However, the current dogma holds that cellular mechanisms that are associated with ageing of midbrain dopamine neurons and those that are related to dopamine neuron degeneration in Parkinson's disease are unrelated. We propose, based on evidence from studies of non-human primates, that normal ageing and the degeneration of dopamine neurons in Parkinson's disease are linked by the same cellular mechanisms and, therefore, that markers of cellular risk factors accumulate with age in a pattern that mimics the pattern of degeneration observed in Parkinson's disease. We contend that ageing induces a pre-parkinsonian state, and that the cellular mechanisms of dopamine neuron demise during normal ageing are accelerated or exaggerated in Parkinson's disease through a combination of genetic and environmental factors. PERSPECTIVES NATURE REVIEWS | NEUROSCIENCE VOLUME 12 | JUNE 2011 | 359
. However, early studies that compared the ageing-associated pattern of neurochemical and morphological changes in dopamine neurons with the pattern associated with Parkinson's disease led to the conclusion that the underlying mechanisms of the two are distinct and unrelated [4] [5] [6] [7] . These seminal studies were based on histological and neurochemical techniques available at the time, which lacked methods for accurately quantifying cell numbers and expression of immunocytochemical markers, and were not informed by current notions of the factors that are likely to have a role in dopamine neuron degeneration in Parkinson's disease.
In recent studies we have revisited the relationship between ageing and Parkinson's disease, and have focused on an important characteristic of the disease: the fact that some midbrain dopamine neurons are more vulnerable to degeneration than other midbrain dopamine neurons. In this regard, the loss of dopamine neurons occurs with a similar pattern of vulnerability and resistance in patients with Parkinson's disease 4, 5, 8 , non-human primate 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) models of Parkinson's disease [9] [10] [11] [12] and rodent toxin models of Parkinson's disease [13] [14] [15] . Dopamine neurons of the ventral tier of the substantia nigra (vtSN) are the most vulnerable, neurons of the dorsal tier of the substantia nigra (dtSN) are more resistant and dopamine neurons of the ventral tegmental area (VTA) are the most resistant to degeneration (FIG. 1) . This difference is apparent even though these cells form a continuous sheet of dopamine neurons that occupy the ventral midbrain and merge seamlessly with one another.
In this Perspective, we review a series of studies from our laboratories that support the hypothesis that ageing and Parkinson's disease are related at the level of cellular mechanisms, and that markers of likely contributors to dopamine neuron demise in Parkinson's disease accumulate with age in a region-specific pattern. These include α-synuclein, markers of the lysosome and proteasome systems, markers of oxidative and nitrative stress, dopamine transporters and glia. Levels of these markers were measured in midbrain tissue from a cohort of rhesus monkeys ranging in age from 2 to 34 years.
Dopamine neuron degeneration patterns
The rhesus monkey is an important model of human biology and has been used extensively in studies of ageing and neurodegenerative diseases. Previous studies of non-human primates have documented ageing-related changes in midbrain dopamine neurons that correlate with declining motor function, similar to those seen in ageing humans 16, 17 . However, little attention has been paid to regional differences in these changes among midbrain dopamine neurons.
In a series of studies [18] [19] [20] [21] [22] , two cohorts of rhesus monkeys were used. Monkeys in the first cohort ranged in age from 9 to 29 years and were categorized into young adult (9 to 10 years of age), middle-aged (14 to 17 years of age) and aged (22 to 29 years of age) subjects. Anatomical studies indicate that these monkeys age approximately three times faster than humans 23 . Thus, these studies model humans aged from 27 to 87 years. Monkeys in the second cohort were aged 2 to 34 years (equivalent to humans aged 6 to 102 years).
To determine whether midbrain dopamine neurons in ageing non-human primates exhibit changes in neuron number and/or phenotype that are analogous to the regional differences in susceptibility to degeneration that is seen in Parkinson's disease, tyrosine hydroxylase was used as a marker for the dopamine neuron phenotype. Stereological counts of tyrosine hydroxylase immunoreactive (THir) neurons in vtSN, dtSN and VTA at different ages 19 revealed that the number of THir neurons was negatively correlated with age only in the vtSN (FIG. 2a-d) . In addition, the intensity of THir staining decreased with age in all three midbrain dopamine regions, and the resulting tyrosine hydroxylase intensity followed the pattern vtSN < dtSN < VTA. It should be acknowledged that identification of dopamine neurons by staining for tyrosine hydroxylase does not distinguish a change in phenotype from overt cell loss. In fact, other studies [24] [25] [26] [27] using different immunostaining protocols or additional markers have not found loss of dopamine neurons in the ageing non-human primate midbrain. However, decreased expression of a primary marker of dopamine neuron phenotype (and, by extension, of dopamine neuron function) during ageing follows a regional pattern identical to that seen for overt loss of dopamine neurons in Parkinson's disease 4, 5, 8 .
Distribution pattern of cellular changes
Selected histological markers of cellular and molecular processes that have been implicated in dopamine neuron degeneration in Parkinson's disease also show age-related and region-specific changes in distribution in rhesus monkeys. These markers include α-synuclein, ubiquitin as a marker of the proteasome system, lipofuscin as a marker of the lysosome system, 3-nitrotyrosine (3NT) as a marker of oxidative and nitrative stress (along with its relationship to the sodium-dependent dopamine transporter (DAT) and the synaptic vesicular amine transporter (VMAT2)), and glial fibrillary acidic protein (GFAP) and HLA class II histocompatibility antigen, DR α-chain (HLA-DRA) as markers of resident astrocytes and microglia, respectively. α-synuclein. α-synuclein is a major constituent of Lewy bodies, the cytoplasmic ubiquitin-positive inclusions in the midbrain that are diagnostic for most forms of Parkinson's disease and that occur in all individuals with the sporadic form of the disease 28, 29 . Associations between mutations in the gene encoding α-synuclein (PARK1) and Parkinson's disease provided the first evidence for the existence of genetic forms of Parkinson's disease 29, 30 . Duplication or triplication of wild-type PARK1 is also associated with Parkinson's disease 31 . α-synuclein increases in the substantia nigra during normal human ageing, but is rarely present in inclusions typical of Parkinson's disease 18, 32, 33 . A comparison of the pattern of α-synuclein immunoreactivity in THir neurons in the substantia nigra and VTA in ageing rhesus monkeys 18 revealed that both the number of THir substantia nigra neurons showing α-synuclein staining and the intensity of α-synuclein staining in these neurons increased dramatically with age (FIG. 2e,f) . Moreover, there was an ageingrelated shift in staining for α-synuclein, from primarily punctate staining in the neuropil of young adult subjects, to light cytoplasmic staining in middle-aged subjects, to intense cytoplasmic staining in aged subjects 18 . In addition, substantia nigra neurons showing α-synuclein staining exhibited a substantial decrease in tyrosine hydroxylase immunoreactivity in ageing monkeys 18 , suggesting that accumulation of α-synuclein may contribute to ageing-related declines in dopamine neuron phenotype. These effects were specific for α-synuclein as there were no ageing-related changes in β-synuclein staining in the substantia nigra. By contrast, there was negligible staining for α-synuclein in VTA neurons 18 . Indeed, converging lines of evidence indicate that excess α-synuclein may be associated with selective dopamine neuron degeneration, as viral overexpression of α-synuclein in the substantia nigra induces neuron degeneration in this region, whereas overexpression in the adjacent VTA does not 34 . Thus, the accumulation of cytoplasmic α-synuclein in ageing monkeys was specific for dopamine neurons in the substantia nigra.
Proteasome and lysosome systems. One genetic form of Parkinson's disease involves mutation of a gene associated with the ubiquitin-proteasome system: parkinson protein 2, E3 ubiquitin protein ligase (PARK2; also known as PARKIN) 35 . The ubiquitylation of α-synuclein within Lewy bodies suggests a connection with the proteasome, and α-synuclein is a known substrate of chaperone-mediated autophagy involving the lysosome [36] [37] [38] . Furthermore, viral overexpression of α-synuclein in the rat substantia nigra is associated with reductions in structural and functional markers of the lysosome and proteosome systems specifically in neurons that have been successfully transfected. A reduction in similar markers is also seen in patients with Parkinson's disease 39 . Thus, the synucleinopathy associated with Parkinson's disease may be a product of impaired processing of abnormal forms of α-synuclein and/or abnormal levels of α-synuclein by the intracellular proteasome and lysosome systems.
Abundant evidence also implicates oxidative stress in Parkinson's disease pathology 40, 41 . Dysfunctional mitochondria are the primary intracellular source of damaging reactive oxygen species and lysosomemediated autophagy is the primary cellular mechanism responsible for removing defective mitochondria 42, 43 . The autofluorescent pigment lipofuscin accumulates during ageing in many brain regions, leading to its characterization as 'age pigment' . This accumulation is thought to reflect increasing age-related mitochondrial damage and subsequent degradation of mitochondria by the lysosome system 44, 45 . Ageing non-human primates do not accumulate ubiquitin-positive cytoplasmic inclusions like the Lewy bodies that are found in most forms of Parkinson's disease. However, ageing monkeys 46 and humans 47, 48 do accumulate intranuclear ubiquitinpositive inclusions known as Marinesco bodies. Marinesco bodies are also present in Lewy body-containing dopamine neurons in Parkinson's disease 47 . In rhesus monkeys, Marinesco bodies accumulated with advancing age specifically in THir neurons of the vtSN 19 (FIG. 2g,h ), so that the percentage of THir neurons in vtSN of aged monkeys that contained Marinesco bodies was higher than that in the dtSN and VTA 19 . Moreover, vtSN neurons containing Marinesco bodies in middle-aged monkeys exhibited a premature decline in the intensity of tyrosine hydroxylase immunoreactivity, equivalent to that seen in aged monkeys. Indeed, aged vtSN neurons exhibiting multiple, or large, Marinesco bodies often had a complete absence of tyrosine hydroxylase immuno reactivity, although they remained identifiable by their normal expression of neuromelanin 19 . These findings are consistent with the view that the nuclear ubiquitinproteasome system becomes progressively less efficient, or dysfunctional, with advancing age. This is reflected at least in part by the accumulation of Marinesco bodies, is associated with decreased expression of tyrosine hydroxylase and occurs with the highest frequency in neurons of the vtSN.
By contrast, the distribution of lipofuscin followed an opposite pattern. Contrary to the historical characterization of lipofuscin as age pigment 49 , it is expressed in midbrain dopamine neuron regions even in young adult monkeys, and the number of lipofuscin-containing dopamine neurons does not increase with age. The highest percentage of THir neurons containing lipofuscin was in the degeneration-resistant neurons of the dtSN and VTA, and lipofuscin was relatively absent in dopamine neurons of the vtSN 19 (FIG. 2i,j) . This finding was surprising, and inconsistent with the view that accumulation of lipofuscin is a precursor to cell death 42, 43 . Whether lipofuscin is neuroprotective or neurodestructive remains to be conclusively determined, but there is evidence that increased lysosome activity and lipofuscin accumulation are associated with neurons that survive in Parkinson's disease and animal models of the disease. Surviving neurons in the nucleus basalis of Meynert in patients with Parkinson's disease have greater amounts of lipofuscin compared with age-matched controls 50 , and surviving neurons in the substantia nigra of MPTPtreated monkeys 51 and in MPTP and probenicid treated mice 52 show increased levels of lipofuscin compared with controls. Analysis also indicated that, in middle-aged monkeys, dtSN neurons that contained lipofuscin had THir intensity similar to that of young adult dtSN neurons, and these neurons were seemingly resistant to the ageing-related decrease in expression of this phenotypic marker 19 . Taken together, higher expression of lipofuscin in midbrain dopamine neuron regions that are resistant to degeneration, and its association with youthful THir intensity, suggest that active autophagic removal of defective organelles and proteins from cells has a neuroprotective function during ageing.
Oxidative stress, nitrative stress and dopamine transporters. In addition to the oxidative damage caused by mitochondrial dysfunction, dopamine neurons are exposed throughout their lifespan to reactive oxygen and nitrogen species from the metabolism of cytosolic dopamine 53, 54 . The main cellular defence against such metabolic by-products is the recapture of dopamine released into the synapse by DAT, followed by sequestration into synaptic vesicles by VMAT2. However, if this process is not efficient, cytosolic dopamine can produce H 2 O 2 and OH -that can damage cells 55, 56 . Accordingly, triple-label immunocytochemistry was performed to examine the relationship between the expression of DAT and VMAT2 and the presence of 3NT -a marker for oxidative and nitrative damage -in midbrain dopamine neuron regions of ageing monkeys 20 . The number of 3NT immunoreactive (3NTir) neurons, expressed as a percentage of THir neurons, in the three midbrain subregions increased with age and was greatest in the vtSN, and the intensity of 3NTir increased with age specifically in the vtSN 20 (FIG. 2k,l) . The age-related increase in the number of 3NT-expressing vtSN neurons was equivalent to the age-related decrease in the number of tyrosine hydroxylaseexpressing vtSN neurons, and 3NT was expressed before there was loss of tyrosine hydroxylase-expressing cells. Thus, the increase in 3NT expression precedes the decrease in tyrosine hydroxylase expression. This suggests that vtSN dopamine neurons experience the greatest levels of oxidative stress, even early in the lifespan before tyrosine hydroxylase loss, and are particularly vulnerable to oxidative and nitrative stress.
Staining for markers of the dopamine transporters varied less between regions and with age. The intensity of staining for DAT was greatest in the vtSN and this intensity did not change with ageing. By contrast, an ageing-related decline in DAT staining was detected in dtSN neurons and in VTA neurons (although this DAT decline in VTA neurons did not reach statistical significance). VMAT2 staining was also most intense in vtSN neurons and did not change with age in any of the midbrain regions. Triple labelling for 3NT, DAT and VMAT2 revealed that the intensity of staining for both transporters correlated with the intensity of staining for 3NT in individual neurons of all three regions 20 . Taken together, these findings support the view that the capacity for accumulation of cytosolic dopamine (that is, the level of DAT) in vtSN neurons -which is higher than that in dtSN and VTA neurons, and does not diminish with age -is correlated with accumulation of oxidative and nitrative damage as reflected by 3NT staining in aged subjects. It remains to be determined whether the expression of VMAT2 in vtSN neurons is not fully efficient in protecting against metabolism of intracellular dopamine, or whether additional sources of oxidative stress, including defective mitochondria, account for the higher levels of oxidative damage in these cells.
Glial environment.
In addition to intrinsic cellular contributors to dopamine neuron degeneration, it has been postulated that extrinsic factors in the environment of dopamine neurons also contribute to the pathogenesis of Parkinson's disease. Primary among these are the resident glial cells. Evidence for changes in the number or reactivity of astrocytes (as measured by GFAP immunoreactivity (GFAPir)) in post-mortem brains of Parkinson's disease patients is inconsistent 57, 58 . However, the ventral midbrain of patients with Parkinson's disease consistently shows increased microglial reactivity and the presence of markers of inflammation [59] [60] [61] , and in animal models of Parkinson's disease this microglial response has been shown to contribute to dopamine neuron degeneration 62, 63 . To examine this component of the environment, an analysis was carried out of the number, staining intensity and morphology of astrocytes (based on GFAPir) and microglia (based on HLA-DRA immunoreactivity (HLA-DRAir)) in the vtSN, dtSN and VTA of ageing monkeys 21, 22 . There were no regional changes in GFAPir cell numbers with advancing age. Characteristics of astrocyte activationsuch as increased staining for GFAP and increased number and thickness of astrocyte processes -revealed an inverted U-shaped relationship with age: activation increased from young adult to middle-age and declined again in advanced age in all regions. HLA-DRAir microglia also showed no change in cell number with advancing age in any of the regions. However, characteristics of activation of these cells -increased HLA-DRA staining intensity, decreased process ramification, increased thickness of processes and clustering of macrophage-like cells -preferentially occurred in the vtSN and increased with advancing age (FIG. 2m,n) . This is consistent with the view that the vtSN enters into a chronic and increasing state of inflammation that probably contributes to the vulnerability of the dopamine neurons to degeneration with advancing age.
Caveats and technical issues
The conclusions drawn from our observations must be evaluated in the context of the source material: tissue from non-human primates. Monkeys are not humans, and Parkinson's disease is a human condition. What cannot be disputed is that monkeys represent the closest phylogenetic model to humans when compared with other models commonly used in CNS research. Although in our opinion the analogy of non-human primate biology to human biology is a model that has yielded valuable insights, the limitations of the model must be acknowledged, and opinions on the value of the comparison vary widely. In the present context, several recent studies indicate that ageing humans, like ageing monkeys, exhibit little or no overt loss of substantia nigra dopamine neurons [64] [65] [66] . Accordingly, this disparity between ageing and Parkinson's disease is shared by monkeys and humans. Furthermore, reports characterizing the motor behaviours of ageing monkeys indicate that aged monkeys exhibit behavioural signs that are consistent with the early stages of parkinsonism 16, 17, 67 . It should be emphasized that markers of cellular and molecular processes that have been implicated in dopamine neuron degeneration in Parkinson's disease were present in all three midbrain dopamine subregions of ageing monkeys. It is the relative differences in expression of these markers in these regions as a function of ageing that lead to our conclusions regarding the possible role of these cellular and molecular processes in the selective vulnerability of midbrain dopamine neurons.
Regionally selective dopamine neuron dysfunction and degeneration is a multifaceted process, and the studies reviewed above did not examine all of the factors involved. Indeed, evidence exists for the involvement of disturbed calcium homeostasis [68] [69] [70] , impaired mitochondrial function 71, 72 , axonal transport dysfunction 73, 74 , reduced growth factor availability and/or efficacy [75] [76] [77] and other factors [78] [79] [80] [81] [82] [83] [84] [85] in the degeneration of dopamine neurons. The majority of these factors remain to be examined in the nonhuman primate model of human ageing.
Another caveat is that the tissue used in these studies was paraformaldehyde fixed and therefore could not be subjected to many common biochemical and molecular analyses. Future studies of these mechanisms are warranted and will be of great interest.
The inclusion of middle-aged subjects in the studies reviewed here has provided important information, and this supports the contention that inclusion of middle-
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Lipofuscin
Autofluorescent lipid-containing residues of lysosomal digestion that accumulate in many tissues of the body with advancing age and have been termed 'age pigment' .
Neuromelanin
A modified form of melanin pigment found in dopamine neurons of the substantia nigra.
Probenicid
An adjuvant that, when co-administered with MPTP, blocks rapid clearance of the toxin and its metabolites, producing a progressive rodent model of parkinsonism.
Synucleinopathy
An abnormal structure or quantity of α-synuclein that disrupts the function of cells.
aged subjects is appropriate and necessary in the design of studies on mechanisms of ageing 86 . It has been postulated that middle age represents a transitional stage between young and old age, and that including samples from middle-aged subjects allows one to determine whether changes associated with ageing occur early or late. Indeed, a study examining the effects of MPTP in young, middle-aged and aged monkeys showed that a failure to exhibit compensatory increases in dopamine turnover following MPTP injection begins to occur in some middle-aged animals, whereas all aged monkeys fail to compensate 24 . In the studies reviewed here, the number of dopamine neurons accumulating Marinesco bodies increased dramatically between middle age and old age in the vtSN, and neurons that accumulated Marinesco bodies in middle age showed premature declines in tyrosine hydroxylase immunoreactivity. Neurons of the dtSN that accumulated lipofuscin in middle age maintained youthful expression of tyrosine hydroxylase. Midbrain astrocytes exhibited increased activation in middle age that receded in old age. These changes would not have been appreciated if middle-aged subjects had not been included in our studies.
Finally, the fact that the studies reviewed here used tissue from the same subjects in multiple analyses has increased our understanding of changes that occur simultaneously. For example, in neurons of the aged vtSN, which are vulnerable to degeneration, the findings indicate that reduced tyrosine hydroxylase immunoreactivity is associated with accumulation of Marinesco bodies, diminished lysosome activity, a higher capacity to accumulate cytosolic dopamine, excessive oxidative and nitrative damage, and increased inflammation. By contrast, dopamine neurons in midbrain regions that are resistant to degeneration have fewer ubiquitin-positive inclusions, higher lysosome activity, a lower capacity to accumulate cytosolic dopamine, lower levels of oxidative and nitrative damage, and experience less inflammation. This convergence of multiple markers in vulnerable versus degenerationresistant dopamine neurons presents an interesting foundation for future studies that seek to determine whether dopamine neuron dysfunction occurring in ageing and disease is a product of multiple, parallel processes that may combine in unpredictable ways, or is a cascade emanating from a single trigger.
Rate of progression of Parkinson's disease
Although these studies provide information regarding the link between ageing of the nigrostriatal system and the pathogenesis of Parkinson's disease, they also have implications for the differences in disease progression between patients that experience early-onset Parkinson's disease (EOPD) and late-onset Parkinson's disease (LOPD). EOPD is typically defined by onset before age 45-50, and is characterized by a tremor-predominant syndrome and more rapid development of l-3,4-dihydroxyphenylalanine (l-DOPA)-induced dyskinesias 87 . By contrast, LOPD is typically defined as having onset later than 70 years of age. Patients with LOPD tend to have a postural instability gait disorder and a lower susceptibility to develop l-DOPAinduced dyskinesias 87 . Importantly, EOPD patients typically exhibit a slower rate of disease progression, whereas LOPD patients have more rapid progression and more severe motor impairments. The data discussed above support the view that the accumulation of harmful changes during normal ageing precipitates the accelerated progression of dopamine neuron degeneration in LOPD [88] [89] [90] . In addition, we have proposed that the faster progression of LOPD may be the result of the failure of older nigral neurons to generate meaningful compensatory mechanisms 24 .
A stochastic acceleration hypothesis The clinically silent, presymptomatic progression of Parkinson's disease makes it difficult to study pathogenic mechanisms of dopamine neuron degeneration in the disease. Ageing is the strongest risk factor for developing Parkinson's disease, and by inference this suggests that changes in nigrostriatal dopamine neurons during normal ageing are related to those contributing to the pathogenesis of Parkinson's disease 91, 92 . However, the association between ageing and Parkinson's disease has largely been based on increased incidence of Parkinson's disease diagnosis with advancing age, a finding that is consistent across geographic, cultural and ethnic boundaries [1] [2] [3] . Now, an increasing number of commonalities, ranging from molecular to functional, have been identified for changes in dopamine neurons that occur in normal ageing and those that occur in Parkinson's disease (TABLE 1) . It is our contention that the combined analysis of changes [4] [5] [6] [7] , conceptual models of Parkinson's disease commonly incorporate a connection between ageing and Parkinson's disease pathogenesis [93] [94] [95] . For example, Calne and Langston proposed that Parkinson's disease develops from an insult that results in degeneration of dopamine neurons to such an extent that it alters the normal course of age-related dopamine neuron dysfunction to reach a threshold for Parkinson's disease symptoms 93 . The 'multiple hit hypothesis' proposes that several life events (for example, environmental insults, prenatal infections and genetic predispositions) acting in sequence, perhaps separated by years, accelerate the ageing-related decline in dopamine neuron function, resulting in Parkinson's disease 94, 95 .
Although these models postulate that one or more biological insults alter the trajectory of the natural ageing-related decline in dopamine neuron function, they do not provide evidence implicating specific cellular mechanisms whose markers are simultaneously present and increase with ageing in dopamine neurons with the greatest vulnerability to degeneration. Furthermore, the models do not propose how these mechanisms may combine to produce Parkinson's disease. Here, we propose a revised hypothesis that largely agrees with prior hypotheses, but incorporates two findings: first, that the cellular mechanisms underlying vulnerability to decreased dopamine neuron function in ageing and the overt degeneration of these neurons in Parkinson's disease are fundamentally the same; and second, that the sequence, combination and magnitude of these cell ular changes varies between patients. We term this hypothesis the 'stochastic acceleration hypothesis' (FIG. 3) . According to this hypothesis, age-related changes in the nigrostriatal dopamine system are the biological foundation for Parkinson's disease. Thus, the cellular events that contribute to normal ageing of substantia nigra dopamine neurons are fundamentally the same as those underlying the development and progression of Parkinson's disease. Indeed, these processes are identical regardless of whether they are precipitated by ageing, environmental toxins, prenatal infections or genetic predispositions. Our hypothesis suggests that these cellular changes exist along a continuum in which ageing actively produces a vulnerable pre-parkinsonian state that, when exaggerated or accelerated by a combination of genetic and environmental factors (which can differ between individuals), results in the Parkinson's disease phenotype. Furthermore, the altered cellular mechanisms can interconnect in multiple ways and in patient-specific patterns, fulfilling the basic definition of 'stochastic'; thus, this model incorporates elements of randomness that produce the same outcome: dopamine neuron dysfunction and, eventually, degeneration.
One corollary of this model is the question of whether it is inevitable that every individual would eventually develop Parkinson's disease. Here, the model predicts both outcomes. It suggests that individuals who outlive the normal functioning of their dopamine system will inevitably develop Parkinson's disease. But the model also suggests that elements of lifestyle and genetics that promote successful ageing will decrease the incidence of Parkinson's disease in the general population. In addition, the model suggests that there is no single target to cure Parkinson's disease. The most effective treatments will target the multiple mechanisms contributing to dopamine neuron dysfunction, tailored to each patient's specific form of the disease. The hypothesis incorporates evidence that supports the involvement of common cellular mechanisms involved in dopamine neuron dysfunction in ageing, and degeneration in Parkinson's disease. a | The effects of these altered cellular mechanisms as they accumulate during normal ageing result in parkinsonian dopamine neuron dysfunction, either very late in life or not at all (shown by the light grey line). However, when these same cellular mechanisms are accelerated by specific, individually determined factors, parkinsonism emerges earlier in the lifespan (shown by the dark grey line). b | The hypothesis contends that the cellular mechanisms that threaten dopamine neuron function are identical, but not linked in an orderly cascade of cause and effect, and instead can contribute to varying degrees and combine in patient-specific patterns, thus fulfilling the definition of a stochastic interaction: incorporating elements of randomness with directionality towards dopamine neuron dysfunction. Light grey double-ended arrows show cellular events in normal ageing. Thicker, dark grey double-ended arrows show accelerated cellular events in PD. UPS, ubiquitin-proteasome system.
